. Additionally, RNAi silences genes expressed in and the structure of the dsRNA determines how extenboth the C. elegans germline and soma, whereas cosupsively it will be edited. Short, imperfectly base-paired pression silences genes expressed in the germline but dsRNAs are selectively edited, with only about 10% of rarely those expressed in somatic tissues. the adenosines being deaminated at complete reaction, Here we investigate the role of ADARs in RNAi using whereas long, highly base-paired dsRNAs are hyper-C. elegans strains containing deletions in the two genes edited, with up to 50% of the adenosines converted to encoding ADARs, adr-1 and adr-2. We observe that adrinosines (Nishikura et al., 1991; Polson and Bass, 1994).
Neuronal Resistance to RNAi Is Not Due
brain (Paul and Bass, 1998) . Taken together, these data suggested that the partial ineffectiveness of RNAi in the neurons of C. elegans might be due to ADARs antagonizing the pathway. kin et al., submitted). We have obtained animals with We examined whether the partial resistance of neudeletions in both adr-1 and adr-2, and molecular and rons to RNAi was due to the activity of ADARs by inbiochemical evidence indicates that adr-1;adr-2 double jecting GFP dsRNA into adr-1;adr-2 mutants expressing mutants completely lack editing activity (Tonkin et al., GFP in the neurons and most other cells. Following injecsubmitted). To investigate the role of ADARs in RNAi, tion, GFP was effectively silenced in the majority of cell we injected dsRNA corresponding to several genes into types, except neurons in the F1 generation of both wildadr-1;adr-2 mutants. The resulting RNAi phenotype in type and adr-1;adr-2 mutants ( Figures 1A-1F ). We also the F1 generation was compared to that of progeny from targeted unc-47, which is an endogenous gene that is wild-type animals injected with the same dsRNA (Table expressed in the neurons. Progeny from adr-1;adr-2 mu-1 and Figure 1 ). When animals were injected with pos-1 tants and wild-type animals injected with unc-47 dsRNA dsRNA at 0.5 mg ml Ϫ1 , 100% of the progeny from both failed to exhibit the unc-47 phenotype (Table 1) . These wild-type and adr-1;adr-2 mutants displayed the pos-1 data imply that ADARs do not contribute to the partial embryonic lethal phenotype (Table 1) . Similarly, dsRNA resistance of neuronally expressed genes to RNAi. targeting unc-22, unc-54, and a GFP transgene produced an identical RNAi response (twitching, paralysis, Transgenes Induce RNAi in the Somatic and decreased fluorescence, respectively) in the progTissues of adr-1;adr-2 Mutants eny of wild-type and adr-1;adr-2 mutants. Progeny of We also examined the effectiveness of RNAi in adr-1;adr-2 mutants fed bacteria expressing dsRNA coradr-1;adr-2 mutants when the pathway was triggered responding to unc-22 also responded similarly to the from dsRNA produced from transgenes. The adr-1;adr-2 progeny of wild-type animals grown under identical conhomozygous deletions were introduced into a previously ditions (data not shown (Figures 2A and 2B) . Surprisingly, when et al., 2000). If ADARs were capable of antagonizing this transgenic line was crossed into an adr-1;adr-2 muRNAi, then the minimum dsRNA concentration needed tant, we observed strong GFP silencing even without to induce an RNAi response might be less in adr-1;adr-2 inducing synthesis of dsRNA by heat shock (Figures mutants than in wild-type animals. When animals were 2C and 2F). GFP was silenced in all cell types in the injected with dsRNA corresponding to unc-22 at conadr-1;adr-2 mutants, including the neurons. To confirm centrations that resulted in only a fraction of the progeny that the loss of GFP fluorescence in the adr-1;adr-2 exhibiting the RNAi response, we did not observe any mutants was not due to a loss of the sur5::GFP transsignificant difference between adr-1;adr-2 mutants and gene, we crossed the adr-1;adr-2 transgenic hermaphwild-type animals in the efficiency of the dsRNA to trigrodites with wild-type males. The resulting progeny, ger RNAi ( Figure 1G ). Similar results were obtained when which were heterozygous at each adr locus, all exhibited pos-1 dsRNA was injected at lower concentrations (data robust GFP fluorescence (data not shown), indicating not shown). To determine if the site of injection was a that the transgene was present in the adr-1;adr-2 double determinant in the ability of ADARs to antagonize RNAi, mutant but was being silenced. dsRNA was injected into the body cavity of wild-type Strong silencing was also observed in both the adr-1 and adr-1;adr-2 mutants at 1.25 ng l
Ϫ1
, and the injected and adr-2 single mutants, although not to the level obanimals were examined for the unc-22 phenotype on served in the double mutant ( Figures 2D-2F ). In adr-2 subsequent days. Wild-type and adr-1;adr-2 mutants (Ϫ/Ϫ) animals GFP was silenced slightly less than in the exhibited similar sensitivity to RNAi under these condiadr-1;adr-2 double mutant, and in adr-1 (Ϫ/Ϫ) animals tions (data not shown). These data indicate that ADARs GFP was silenced less than in adr-2 mutants ( Figure 2D do not substantially antagonize RNAi under the condiand 2E). These data are consistent with editing and chemotaxis defects seen in adr mutants, which indicate tions of our assays. type of an unc-22 null mutant ( Figure 4A ). Upon heat shock, wild-type animals retained their GFP fluoresWhen the rde-1 homozygous mutation was introduced into adr-1;adr-2 animals containing the transgenes decence but now exhibited the unc-22 phenotype ( Figures  4A and 4B ). When this transgenic strain was crossed scribed above, GFP silencing was suppressed ( Figure  3) . We also observed suppression of GFP silencing in into the adr-1;adr-2 mutant, animals displayed the unc-22 phenotype even without heat shock and also had substantially reduced GFP fluorescence ( Figure 4C ). These data indicate that transgenes do not need to be designed to express a dsRNA in order to trigger RNAi in adr-1;adr-2 mutants and demonstrate that endogenous genes can also be silenced by transgenes in the adr-1;adr-2 mutants. To further confirm that the sur5::GFP transgene and transgenes with synthetic inverted repeats were capable of inducing RNAi in adr-1;adr-2 mutants, we created transgenic lines consisting of the sur5::GFP transgene alone or the hsp16-2 p unc-22(IR) transgene together with the rol-6 construct. Wild-type animals harboring the sur5::GFP construct exhibited strong GFP fluorescence, but in adr-1;adr-2 mutants GFP was substantially silenced (data not shown). Likewise, wild-type animals with the hsp16-2 p unc-22(IR) transgene appeared normal at 20ЊC, but adr-2 (Ϫ/Ϫ) animals with the same transgene exhibited the unc-22 phenotype when grown at 20ЊC without heat shock (data not shown). These data confirm that transgenes do not require a synthetic inverted repeat to induce silencing in adr-1;adr-2 mutants. Interestingly, we did not observe silencing of the rol-6 marker in any of our transgenic lines containing this sequence. , 1994) , and in C. elegans a 5Ј U is most preferred, followed by A and then C, and a 5Ј G is the least preferred (Morse and Bass, 1999). We found that edited sites in the GFP sequence followed these preferences ( Figure 6C) dsRNA delivered by injection efficiently triggers RNAi in both wild-type and adr-1;adr-2 double mutants, and we do not detect any evidence that RNA editing antagonizes bility that integration of the array may also have contribRNAi under these conditions. dsRNA injected into wilduted to its inability to induce silencing in an adr-1;adr-2 type worms is edited, however (Domeier et al., 2000), double mutant. but our data suggest that the amount of editing that occurs in dsRNA injected into wild-type animals is not Evidence of Edited dsRNA Corresponding to sufficient to inhibit the RNAi pathway.
Transgenes Is Found in Wild-Type Animals
ADARs also do not appear to be responsible for the Our data indicated that transgenes were capable of trigpartial resistance to RNAi seen in neurons. Here we gering RNAi in the adr-1;adr-2 double mutants, and the demonstrate that neuronally expressed genes remain requirement of dcr-1 and rde-1 strongly suggested that refractory to RNAi in the absence of ADARs if dsRNA is a dsRNA intermediate was involved. We hypothesized delivered by injection. Because RNAi can be triggered in that the silencing in the adr-1;adr-2 animals was initiated neuronal tissues by directly expressing dsRNA in these by small amounts of dsRNA synthesized either from cells, it seems likely that neurons are refractory for other transgenes containing inverted repeats (even without reasons. Recent evidence indicates that a putative heat shock) or from aberrant transcription from the RdRP, encoded by rrf-3, is involved in preventing RNAi sur5::GFP transgene. In wild-type animals this small in the neurons (Simmer et al., 2002) . amount of putative dsRNA may be deaminated, which
We find that distinct differences exist, however, bewould prevent it from triggering RNAi, but in adr-1;adr-2 tween adr-1;adr-2 mutants and wild-type animals in the mutants, the dsRNA would retain its original sequence ability of transgenes to induce RNAi. In wild-type animals, and structure and be capable of initiating RNAi (Figsomatic transgenes are under most circumstances exure 5).
pressed and not subject to extensive silencing. However, To attempt to detect this putative dsRNA intermediin adr-1;adr-2 mutants, somatic transgenes can induce ate, we performed an RT-PCR under conditions that robust gene silencing. The strongest silencing occurs would only amplify cDNA reverse transcribed from antiin the double adr-1;adr-2 mutant, but silencing is also sense transcripts corresponding to the sur5::GFP transdetectable in both of the single homozygous delegene. Using this method, we amplified a reverse transcriptase-dependent product corresponding to the tions. Furthermore, transgene-induced gene silencing
The mechanism responsible for generating dsRNA corresponding to transgenes in C. elegans is unknown. For extrachromosomal arrays that contain inverted repeats under the control of a heat shock promoter, it is easy to imagine that, although the promoter is tightly regulated (Stringham et al., 1992) , a hairpin dsRNA may be transcribed by leaky expression. In our studies, all of the strains that contained transgenes under the control of heat shock promoters also had either the rol-6 or sur5::GFP transgenes as markers. In an extrachromosomal array, multiple copies of these markers are likely interspersed with the transgene containing the inverted repeat. It is possible that a promoter from one of these markers, if located next to the inverted repeat in the extrachromosomal array, may be driving the expression of the sequence by transcriptional readthrough. A similar mechanism could be responsible for generating antisense RNA from extrachromosomal arrays without inverted repeats. Transcriptional units may be arranged in these arrays in opposing orientations, where transcriptional readthrough from one promoter into the to speculate that editing of naturally occurring dsRNAs RNAi before ever being exposed to ADARs in the numay prevent these dsRNAs from triggering gene silenccleus. When dsRNA is produced in the nucleus at low ing as we observe with dsRNAs originating from transconcentrations from transgenes, however, ADARs may first edit the dsRNA before the duplex is exposed to genes.
